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INTRODUCTION

Amyloid deposits, constituted of amyloid beta (AB) aggregates, are a characteristic feature
of several neurodegenerative diseases, such as Alzheimer’s, mild cognitive impairment
and Parkinson’s disease. They also have been recently implicated in the pathogenesis of
retinal damage, as well as age-related macular degeneration and glaucoma. Glaucoma is
a progressive optic neuropathy characterized by gradual degeneration of neuronal tissue
due to retinal ganglion cell loss, associated to visual field loss over time resulting in
irreversible blindness. Accumulation of Ap characterizes glaucoma as a protein misfolding
disease, suggesting a pathogenic role for oxidative stress in the pathogenesis of retinal
degenerative damage associated to glaucoma. There is a growing body of evidence
demonstrating a link between Alzheimer's disease and glaucoma. Further, several heat
shock proteins (HSPs) members have been implicated both in neurodegenerative diseases
and glaucomatous apoptosis. To maintain redox homeostasis vitagenes, as integrated
mechanisms, operate actively to preserve cell survival under condition of stress. Vitagenes
encode for sirtuin, thioredoxin and HSPs. The present study was designed to investigate
cellular stress response mechanisms in the blood of patients with glaucoma, compared
to control subjects. Levels of vitagenes HSP-72, heme oxygenase-1, as well as F2-
isoprostanes were significantly higher in the blood of patients with glaucoma than in
controls. Furthermore, in the same experimental group increased expression of Trx and
sirtuin 1 were measured. Our results sustain the importance of redox homeostasis
disruption in the pathogenesis of glaucoma and highlights the opportunity that new
therapies that prevents neurodegeneration through non-immunomodulatory mechanisms
might be synergistically associated with current glaucoma therapies, thus unraveling
important targets for novel cytoprotective strategies.
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underlying the pathogenesis of glaucoma (Calandrella et al., 2007;

Glaucoma is a progressive optic neuropathy characterized by
degeneration of neuronal tissue due to loss of retinal ganglion
cells (RGCs), with accompanying compromission of visual field
over time (Gupta etal., 2006; Quigley and Broman, 2006). It is
a leading cause of irreversible blindness estimated to affect 79.6
million people worldwide by 2020 (Hinton etal., 1986; Yoneda
etal., 2005). Research studies have demonstrated that RGC dam-
age in glaucoma is not limited to the primary insulted neurons, but
also involves neighboring neurons. The increase in the prevalence
of glaucoma with age is not accounted for only by the increase
in ocular hypertension alone, being accompanied by an increase
in the vulnerability of the optic nerve to the effects of glaucoma
risk factors which increase as function of age. In particular, fac-
tors such as tissue hypoxia, disturbed protein metabolism and
oxidative stress have been identified to interact in a vicious cycle

Gupta etal., 2008), ultimately leading to apoptotic retina gan-
glion cell death (Tatton etal., 2001; Soti etal., 2005; De la Monte
and Wands, 2006). In view of these considerations glaucoma
can be viewed as a neurodegenerative disease which, similarly
to other neurodegenerative pathologies, i.e., Alzheimer’s and
Parkinson’s disease, where irreversible functional deficit ensues
as consequence of neuronal dysfunction and death. There is now
a growing body of evidence demonstrating a link between AD and
glaucoma.

Amyloid deposits, consisting of AP, which are a charac-
teristic feature of several neurodegenerative diseases such as
Alzheimer’s (AD), mild cognitive impairment, and Parkinson’s
disease (Hinton etal., 1986) have been recently implicated in the
pathogenesis of retinal damage, macular degeneration, and glau-
coma (Yoneda etal., 2005). Accordingly, drugs designated to target
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B-amyloid (AP) has been found to reduce apoptotic degenera-
tion of RGCs, as observed in vitro and in vivo. Furthermore, the
presence of increased levels of AP characterizes glaucoma as a
protein misfolding disease, also suggesting a role for oxidative
stress in the pathogenesis of retinal degenerative damage associ-
ated to glaucome. Although oxidative stress has been recognized
to play a critical role in the development and progression of
glaucoma, yet, the exact mechanisms remain elusive. Oxidative
stress can cause oxidative attack to DNA, proteins, and lipids,
leading to DNA and protein modification, thus sustaining the
pathophysiology of degenerative damage of RGCs (Gupta etal,,
2006). Relevant to protein misfolding, of emerging interest are
heat shock proteins (HSPs), specialized molecular chaperones
which mediate various cellular functions. HSPs are up regulated
in response to conditions of stress in order to restore normal cell
integrity (Soti etal., 2005). The heat shock response, an impor-
tant component of vitagene family, contributes to establishing a
cytoprotective state in a wide variety of human diseases. Vita-
genes include, besides HSPs 70 and 32, the latter also called heme
oxygenase-1 (HO-1), thioredoxin and sirtuins (Butterfield etal.,
2010, 2011). Several families of HSP have been implicated in neu-
rodegenerative diseases and glaucomatous RGC apoptosis with
increased levels of circulating autoantibodies to alpha-crystallins
and HSP-27 and increased immunostaining of HSP-60, HSP-27 in
RGCs and the retinal blood vessels in glaucoma patients (Shieds
etal,, 1996; Izzotti etal., 2006). In a rat glaucoma model, treat-
ment with geranylgeranylacetone increases HSP-72 synthesis while
reducing markedly RGC loss, possibly through interactions with
different protein kinases, such as Akt kinase, and the inhibition
of NF-kB. In this study we tested the hypothesis that there may
be a causal relationship between AD and glaucoma that may
be explained by systemic oxidative stress and dysregulation of
cellular stress response. Present work elucidated cellular stress
response in peripheral cells in patients with glaucoma as com-
pared to healthy volunteers, as control, in order to gain insight
into the pathogenic mechanisms operating in the neurodegener-
ative damage associated with this disease and exploit the possible
role of vitagenes in opening up new therapeutic targets for limit-
ing the oxidative damage associated to degeneration occurring in
glaucoma.

MATERIALS AND METHODS

PATIENTS

Eighteen patients (12 males and six females, mean age
60 =+ 15 years) with diagnosis of hypertensive primary open-
angle glaucoma (POAG), with typical optic nerve head and
visual field damage, were included in the study. Mean MD
and PSD were respectively —7.5 + 8.6 dB, and 4.2 + 3.8 dB.
Twenty age-matched healthy volunteers were recruited as con-
trols. Patients and control subjects underwent IOP measure-
ment by Goldmann applanation tonometer, optic nerve head
examination by 78 D lens at the slit lamp, and visual field
test 24-2 SITA standard, by a 750 Humprey perimeter (HFA
II). Clinical characteristics of patients and control subjects are
shown in Table 1. Patients with normal tension glaucoma,
previous uveitis, diabetes, arterial hypertension were excluded.
The study was conducted according to guidelines of local

Ethics Committee, and informed consent was obtained from all
patients.

SAMPLING AND LYMPHOCYTE PURIFICATION

Blood (5 ml) collected from controls and patients into tubes
containing EDTA, was divided into two aliquots, 1 and 4 ml
respectively. One aliquots (1 ml) was centrifuged at 3000 x g for
10 min at 4°C to separate serum from red blood cells, while 4 ml
aliquots, were utilized for lymphocytes purification, which was
accomplished by using the Ficoll Paque System following the pro-
cedure provided by the manufacturer (GE Healthcare, Piscataway,
NJ, USA).

WESTERN BLOT ANALYSIS

HSP-70, HO-1, Trx, and Sirt-1 protein levels were estimated
by Western blot analysis which was accomplished as previously
described in Calabrese etal. (2012). Plasma samples were pro-
cessed as such, while the isolated lymphocyte pellet was homoge-
nized and centrifuged at 10,000 x g for 10 min. The supernatant
was then used for analysis after determination of protein con-
tent. Proteins extracted for each sample, at equal concentration
(40 pg), were boiled for 3 min in sample buffer (containing 40 mM
Tris-HCI pH 7.4, 2.5% SDS, 5% 2-mercaptoethanol, 5% glycerol,
0.025 mg/ml of bromophenol blue) and then separated on a poly-
acrylamide mini gels precasting 4-20% (cod NB10420 NuSept Ltd
Australia). Separated proteins were transferred onto nitrocellulose
membrane (BIO-RAD, Hercules, CA, USA) in transfer buffer con-
taining (0.05% di SDS, 25 mM di Tris, 192 mM glycine and 20%
v/v methanol). The transfer of the proteins on the nitrocellulose
membrane was confirmed by staining with Ponceau Red which
was then removed by three washes in PBS (phosphate buffered
saline) for 5 min each. Membranes were then incubated for 1 h
at room temperature in 20 mM Tris pH 7.4, 150 mM NaCl and
Tween 20 (TBS-T) containing 2% milk powder and incubated
with appropriate primary antibodies, namely anti-HSP-70, anti-
HO-1, anti-Trx and anti Sirt-1 polyclonal antibody (Santa Cruz
Biotech. Inc.), overnight at 4°C in TBS-T. The same membrane
was incubated with a goat polyclonal antibody anti-beta-actin (SC
1615 Santa Cruz Biotech. Inc., Santa Cruz, CA, USA, dilution
1:1000) to verify that the concentration of protein loaded in the
gel was the same in each sample. Excess unbound antibodies were
removed by three washes are with TBS-T for 5 min. After incu-
bation with primary antibody, the membranes were washed three
times for 5 min. in TBS-T and then incubated for 1 h at room
temperature with the secondary polyclonal antibody conjugated
with horseradish peroxidase (dilution 1:500). The membranes
were then washed three times with TBS-T for 5 min. Finally, the
membranes were incubated for 3 min with SuperSignal chemilu-
miniscence detection system kit (Cod 34080 Pierce Chemical Co,
Rockford, IL, USA) to display the specific protein bands for each
antibody. The immunoreactive bands were quantified by captur-
ing the luminescence signal emitted from the membranes with the
Gel Logic 2200 PRO (Bioscience) and analyzed with Molecular
Imaging software for the complete analysis of regions of interest
for measuring expression ratios. The molecular weight of proteins
analyzed was determined using a standard curve prepared with
protein molecular weight.
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Table 1 | Clinical data of glaucoma patients and control subjects.

Number of subjects Age (Mean + SD)

Gender (F/M)

md (Mean + SD) Psd (Mean =+ SD)

Patients 18 60 + 15 7N —75+8.6 42+38
Controls 20 73+5 2/8 —-1.2+11 0.8+0.3
Md, mean defect; psd, pattern standard deviation.

MEASUREMENT OF F2-ISOPROSTANES A

F2-isoprostanes were determined by HPLC according to the pro-
cedure of Ritov et al. (2002). F2-isoprostane content in plasma was
expressed in nM.

DETERMINATION OF PROTEIN

Protein concentration in all experimental samples was determined
by the bicinchoninic acid protein assay (Pierce, Rockford, IL, USA)
according to Smith etal. (1985) and using serum bovine albumin
as standard.

STATISTICAL ANALYSIS

Results were expressed as means & S.E.M. Each experiment was
performed, unless otherwise specified, in triplicate. Data were ana-
lyzed by one-way ANOVA, followed by inspection of all differences
by Duncan’s new multiple-range test. Differences were considered
significant at P < 0.05.

RESULTS

In our study we evaluated the expression of stress proteins in
plasma and lymphocytes of glaucomatous patients compared to
controls. Among the 70 kDa family of HSPs we evaluated the
inducible HSP-70 (HSP-72) isoform and its expression. As shown
in Figure 1A, a significant (P < 0.05) increase in HSP-70 was
found in lymphocytes of patients with glaucoma with respect to
healthy control subjects. A representative immunoblot is reported
in Figure 1B. Western blot analysis of plasma probed for HSP-70
are reported in Figure 2A, which shows that HSP-70 expres-
sion increased significantly (P < 0.05) in patients with glaucoma,
compared to controls. A representative immunoblot is shown in
Figure 2B.

Heme oxygenase-1, another HSP-32 endowed with cytoprotec-
tive properties (Soti etal., 2005), was found expressed at signifi-
cantly higher levels in lymphocytes of patients with glaucoma than
in controls (Figure 3A). A representative immunoblot is illustrated
in Figure 3B. Similarly to lymphocyte finding, patients with glau-
coma exhibited higher level plasma HO-1 protein then healthy
controls (Figures 4A,B).

Analysis of lymphocytes in patients with glaucoma, compared
to control group, revealed a significant (P < 0.05) increase of
Trx expression (Figure 5A), while in the plasma there was no
statistically significant difference between the two experimental
groups (Figure 6A). Representative immunoblots are reported in
Figures 5B and 6B, respectively.

Interestingly, we found significantly (P < 0.05) higher levels
of sirtuin-1 in lymphocytes of patients with glaucoma than in the
control group (Figure 7A). Consistent with the changes found
in lymphocytes, analysis of plasma confirmed increased protein
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FIGURE 1 | (A) HSP-70 protein levels in plasma of glaucoma and control
subjects. Samples from control and glaucoma patients were assayed for
HSP-70 expression by Western blot. A representativ eimmunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. * P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.

levels of sirtuin-1, higher in patients with glaucoma as to com-
pare with the healthy control group (Figure 8A). Representative
immunoblots are shown in Figures 7B and 8B, respectively. As
to our knowledge this is the first evidence of changes in sirtuin-1
expression in glucomatous pathology, although this finding may
not be a marker specific for this progressive chronic inflammatory
systemic disease.

Further, we evaluated systemic pro-oxidant conditions, by
measuring lipid-derived circulating F2 isoprostanes. We found
a significant increase (P < 0.05) of total F2-isoprostanes in the
plasma of patients with glaucoma (P < 0.05) with respect to
controls (Figure 9).

DISCUSSION

Glaucoma is one of the leading causes of vision loss worldwide.
Open-angle glaucoma, the most common form of glaucoma,
is characterized by a progressive loss of RGCs and atrophy of
the optic nerve, resulting in loss of visual field (Hinton etal.,
1986; Yoneda etal., 2005). Several theories have been pro-
posed, including mechanical and vascular pathogenesis for the
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FIGURE 2 | (A) HSP-70 protein levels in lymphocytes of glaucoma and
control subjects. Samples from controls and glaucoma patients were
assayed for HSP-70 expression by Western blot. A representative
immunoblot is shown. B-actin has been used as loading control.
(B) Densitometric evaluation: the bar graph shows the values are
expressed as mean standard error of mean of 3 independent analyses.
*P < 0.05 vs. control. D.U., densitometric units; CTRL, control.
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FIGURE 4 | (A) HO-1 protein levels in lymphocytes of glaucoma and control
subjects. Samples from control and patients with glaucoma were assayed
for HO-1 expression by Western blot. A representative immunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. * P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 3 | (A) HO-1 protein levels in plasma of glaucoma and control
subjects. Samples from control and patients with glaucoma were assayed
for HO-1 expression by Western blot. A representative immunoblot is
shown. p-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. *P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 5 | (A) Sirtuin-1 protein levels in plasma of glaucoma and control
subjects. Samples from control and patients with glaucoma were assayed
for Sirt-1 expression by Western blot. A representative immunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of three independent analyses. *P < 0.05 vs.
control. D.U., densitometric units; CTRL, control.

glaucomatous optic neuropathy. Elevated intraocular pressure is
a strong risk factor, but a subset of glaucoma patients has nor-
mal intraocular pressure designating a normal tension glaucoma.
Clearly, other factors different from intraocular pressure, such
as genetic factors, are thought to be involved in RGC apoptotic
cell death in glaucoma. The e4 allele of the APOE gene has been
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FIGURE 6 | (A) Sirtuin-1 protein levels in lymphocytes of glaucoma and
control subjects. Samples from control and patients with glaucoma were
assayed for Sirt-1 expression by Western blot. A representative immunoblot
is shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. *P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 7 | (A) Thioredoxin protein levels in plasma of glaucoma and
control subjects. Samples from control and patients with glaucoma were
assayed for Trx expression by Western blot. A representative immunoblot is
shown. p-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 8 | (A) Thioredoxin protein levels in lymphocytes of glaucoma and
control subjects. Samples from control and patients with glaucoma were
assayed for Trx expression by Western blot. A representative immunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. *P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 9 | Total F2-isoprostanes levels in plasma glaucoma patients.
Plasma samples from patients with glaucoma and age-matched controls
were assayed for total F2-isoprostanes. Data are expressed as

mean + SEM of 18 to 20 patients per group. *P < 0.05 vs. controls.

also considered in the pathophysiology of open-angle glaucoma,
although the question still remains elusive (Quigley and Broman,
2006).

Oxidative stress is considered an important risk factor for the
development of primary angle-closure glaucoma and increased
levels of oxidative stress products have been documented in pri-
mary angle-closure glaucoma (Shieds etal., 1996; Izzotti etal,
2006; Butterfield etal., 2011). Visual loss which often starts in
the periphery and advances involving central vision, has devas-
tating consequences to patient’s quality of life (Gupta etal., 20065
Quigley and Broman, 2006).
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We have recently demonstrated that increased oxidative stress
and cellular stress response are a systemic presentation of the
oxidative burden occurring in AD patients, rising the conceiv-
able possibility that Alzheimer’s disease might not be exclusively
a primary neurological pathology rather being a systemic oxi-
dant disorder (Siciliano etal., 2011; Cornelius etal., 2013). In
this study we hypothesize that there may be a causal relation-
ship between AD and glaucoma that may be explained by systemic
oxidative stress and dysregulation of cellular stress response. We
have found in patients with glaucoma a systemic condition of
oxidative stress as revealed by upregulation of lipid-derived F2
isoprostanes. This marker of oxidative stress was found in the
blood of patients with glaucoma at significantly higher levels
than in controls. Similarly to other oxidant disorders, such as
AD (Calabrese etal., 2012; Mayeux and Stern, 2012) or multiple
sclerosis (Calabrese etal., 2010b) a direct relationship, although
not necessarily causal, may exist between organ specific pathol-
ogy and systemic alterations underlying or reflecting the local
oxidative status (Ferreira etal., 2004). Reactive oxygen species
(ROS) are an essential component of intracellular signaling net-
work, regulated through the intrinsic antioxidant capacity of a
cell, but when ROS formation exceedingly increases damage to
DNA, proteins, and lipids macromolecules ensues. During cel-
lular metabolism mitochondrial compartment accounts for the
major source of ROS generation. However, excess in free rad-
ical production induces oxidative stress and damage. Growing
evidence now sustains a critical role for free radical-induced
oxidative damage in glaucomatous neurodegeneration occur-
ring in different subcellular compartments of RGCs. Consistent
with this notion, oxidatively modified proteins and advanced
glycation end products accumulate in glaucomatous neurode-
generation, thus increasing neuronal susceptibility to glial dys-
function (Shieds etal., 1996; Sloane etal., 2002; Tamura etal.,
2006). This last event, in turn, contributes to propagate neu-
ronal damage resulting in secondary degenerative damage. Fur-
thermore, free radical-mediated oxidative insult in glaucoma
enhances antigen presenting activity of glial cells and hence
stimulates immune response (Tezel, 2006; Calandrella etal,
2007).

Oxidative damage is one of the most important causes of
brain protein damage and dysfunction in several age-related neu-
rodegenerative disorders including Alzheimer’s disease (Sloane
etal., 2002). RGCs and the optic nerve have demonstrated
similar mechanisms of cell death in glaucoma to those of
Alzheimer’s disease, marking glaucoma as a neurodegenerative
disease (Guo etal., 2006; Pennisi etal., 2011). AD is a progres-
sive neurodegenerative disorder characterized by cognitive and
memory deterioration, as well as changes in personality, behav-
ioral disturbances and an impaired ability to perform activities
of daily living (McKinnon, 2003; Wostyn etal., 2009; Sicil-
iano etal., 2011). AD is known to be the most common form
of dementia and is a major public health problem through-
out the world (Calabrese etal., 2012). In addition to synaptic
degradation and extensive neuronal cell loss, neuropatholog-
ical characteristics of AD include extracellular senile plaques
containing B-amyloid (AB) derived from p-amyloid precur-
sor protein (APP) after sequential cleavage by b-secretase and

c-secretase, and intracellular neurofibrillary tangles caused by
abnormally phosphorylated tau protein (De la Monte and Wands,
2006).

There is a growing body of evidence demonstrating a link
between AD and glaucoma. However, the nature of this link
remains obscure. Interestingly, recently published research may
provide a clue toward a better understanding of the high rate of
comorbidity reported between AD and glaucoma.

It is intriguing to note that AD and glaucoma have many
common features. Both are slow and chronic neurodegenerative
disorders with a strong age-related incidence. Studies consistently
report decreased levels of B-amyloid and increased levels of tau in
cerebrospinal fluid from AD patients in comparison with healthy
subjects. Similarly, decreased levels of B-amyloid and significantly
increased levels of tau have been detected in the vitreous fluid from
patients with glaucoma or diabetic retinopathy in comparison with
the levels in a control group (Calabrese et al., 2010b; Pennisi et al.,
2011; Siciliano etal,, 2011; Cornelius etal., 2013). This finding
corroborates a role for f-amyloid and tau in the pathogenesis of
glaucoma, suggesting that the neurodegenerative process in these
ocular diseases might share, at least in part, a common mecha-
nism with AD. It was also demonstrated recently that abnormal
tau AT8 is present in human glaucomas with uncontrolled elevated
intraocular pressure. Furthermore, there is evidence of a build-up
of AP in RGCs in experimental rat glaucoma. Activation of cas-
pases and abnormal APP processing, which includes production
of AP are important events in AD (Bullock and Hammond, 2003;
Guo etal., 2006).

To gain further insight into the role of oxidant/antioxidant
balance in the pathogenesis of glaucoma, in addition to oxida-
tive stress, expression of Sirt-1 and Trx was determined in the
peripheral blood of glaucomatous patients. Interestingly, levels of
vitagenes HSP-72 and HO-1 were significantly higher in the blood
of patients with glaucoma than in controls. These changes were
associated with an increased expression of Trx and sirtuin 1 in the
same experimental group.

To adapt to environmental changes and survive different types
of injuries, as in the case of acute or chronic stress, exposed
cells are continually challenged to activate integrated survival
responses (Bullock and Hammond, 2003). One of these, the heat
shock response actively operate in the optic cell system, under
control of redox regulated gene network, the vitagene network,
recognized to be critical for the intracellular chaperoning func-
tion which is essential for the proper folding of misfolded or
mutated proteins, thereby protecting vulnerable cells from death
(Selkoe, 2001; Rocchi etal., 2003; Guo etal., 2006). As stress
inducible proteins, chaperones help the correct folding and main-
tenance of the proper conformation of essential proteins, thus
promoting cell survival in all those pathological conditions asso-
ciated oxidative stress (Hirota et al., 2002; Calabrese etal., 2010c¢).
Under oxidative stress conditions, such as that found in patients
with glaucoma, HO-1 was also found increased in lymphocytes
and plasma of patients with glaucoma. HO-1 is an early gene
induced by oxidative stress producing powerful antioxidant and
antinitrosative molecules such as biliverdin and bilirubin (Halli-
well, 2006; Calabrese etal., 2010a, 2013). HO-1 increase in the
lymphocytes of patients with glaucoma may indicate that, in

Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery

June 2014 | Volume 5 | Article 129 | 6


http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive

Trovato Salinaro etal.

Oxidative stress, stress response, and hormesis in glaucoma

response to an oxidant insult, induction of an early gene is a
significant part of the antioxidant response which might have bio-
logical relevance considering the long term course of the disease.
Under stress conditions, induction of sirtuins is a well recog-
nized defense mechanism against oxidative injury, representing
a common feature in a number of neurodegenerative diseases
(Salminen etal., 2008). Here we found that the levels of Sirt-1 in
glaucoma lymphocytes were significantly higher than in controls,
a finding associated with increased content of F2-isoprostanes
as marker of oxidative stress. This is relevant to the pathogen-
esis of glaucoma. Several studies suggest that the Sirt-1 gene is
redox-regulated and its expression appears closely related to con-
ditions of oxidative stress (Drake etal., 2003; Bonda etal., 2011).
Thus, its induction could represent a protective system poten-
tially active against brain oxidative injury (Kessing etal., 2007;
Herranz and Serrano, 2010). In addition, another protein, thiore-
doxin (Trx), which is emerging as critical vitagene involved in
brain stress tolerance was found increased in the same experi-
mental group (Tanaka etal., 2000; Tonissen and Trapani, 2009).
Besides its role in the protection against oxidative stress, Trx is
critically involved in the regulation of cell growth and cell death
(Yiand Luo, 2010; Di Paola et al., 2011). Consistently, modulation
of endogenous cellular defense mechanisms such as the vitagene
network, including HSPs, sirtuin, and thioredoxin proteins may
open a new approaches to therapeutic interventions in diseases
associated with tissue damage and cell death, such as in glau-
comatous neurodegeneration (Dali-Youcef etal., 2007; Dumont
etal., 2009; Ballard etal., 2011). Our data are in favor of the
hypothesis linking oxidative stress to the pathogenesis of glau-
coma, and indicate that stress responsive genes may represent an
important target for novel cytoprotective strategies, as molecules
inducing this defense mechanism, via nutritional and/or pharma-
cological approaches, can exploit the potential for antidegenerative
therapeutic interventions.

ACKNOWLEDGMENTS
Work from the authors’ laboratories was supported by grants from
MIUR, FIRB RBRNO7BMCT.

REFERENCES

Ballard, C., Gauthier, S., Corbett, A., Brayne, C., Aarsland, D., and Jones, E. (2011).
Alzheimer’s disease. Lancet 19, 1019—-1031. doi: 10.1016/S0140-6736(10)61349-9

Bonda, D. J., Lee, H. G., Camins, A., Pallas, M., Casadesus, G., Smith, M. A,,
etal. (2011). The sirtuin pathway in ageing and Alzheimer disease: mechanistic
and therapeutic consideration. Lancet Neurol. 10, 275-279. doi: 10.1016/S1474-
4422(11)70013-8

Bullock, R., and Hammond, G. (2003). Realistic expectations: the management
of severe Alzheimer disease. Alzheimer Dis. Assoc. Disord. 17, S80-S85. doi:
10.1097/00002093-200307003-00004

Butterfield, D. A., Bader Lange, M. L., and Sultana, R. (2010). Involvements
of the lipid peroxidation product, HNE, in the pathogenesis and progres-
sion of Alzheimer’s disease. Biochim. Biophys. Acta 1801, 924-929. doi:
10.1016/j.bbalip.2010.02.005

Butterfield, D. A., Reed, T., and Sultana, R. (2011). Roles of 3-nitrotyrosine- and
4-hydroxynonenalmodified brain proteins in the progression and patho-
genesis of Alzheimer’s disease. Free Radic. Res. 45, 59-72. doi:
10.3109/10715762.2010.520014

Calabrese, E. J., Iavicoli, I, and Calabrese, V. (2013).
impact on medicine and health. Hum. Exp. Toxicol. 32, 120-152. doi:
10.1177/0960327112455069

Hormesis: its

Calabrese, V., Cornelius, C., Dinkova-Kostova, A. T., Calabrese, E. J., and Mattson, M.
P. (2010a). Cellular stress responses, the hormesis paradigm, and vitagenes: novel
targets for therapeutic intervention in neurodegenerative disorders. Antioxid.
Redox Signal. 13, 1763-1811. doi: 10.1089/ars.2009.3074

Calabrese, V., Cornelius, C., Giuffrida, A. M., and Calabrese, E. J. (2010b). Cellular
stress responses, mitostress and carnitine insufficiencies as critical determi-
nants in aging and neurodegenerative disorders: role of hormesis and vitagenes.
Neurochem. Res. 35, 1880-1915. doi: 10.1007/s11064-010-0307-z

Calabrese, V., Cornelius, C., Trovato, A., Cavallaro, M., Mancuso, C., Di Rienzo,
L., etal. (2010c). The hormetic role of dietary antioxidants in free radical-
related diseases. Curr. Pharm. Des. 16, 877-883. doi: 10.2174/138161210790
883615

Calabrese, V., Cornelius, C., Leso, V., Trovato-Salinaro, A., Ventimiglia, B., Caval-
laio, M., etal. (2012). Oxidative stress, glutathione status, sirtuin and cellular
stress response in type 2 diabetes. Biochim. Biophys. Acta 1822, 729-736. doi:
10.1016/j.bbadis.2011.12.003

Calandrella, N., Scarsella, G., Pescosolido, N., and Risuleo, G. (2007). Degenerative
and apoptotic events at retinal and optic nerve level after experimental induction
of ocular hypertension. Mol. Cell. Biochem. 301, 155-163. doi: 10.1007/s11010-
006-9407-0

Cornelius, C., Trovato Salinaro, A., Scuto, M., Fronte, V., Cambria, M. T., Pennisi,
M., etal. (2013). Cellular stress response, sirtuins and UCP proteins in Alzheimer
disease: role of vitagenes. Immun. Ageing 10:41. doi: 10.1186/1742-4933-
10-41

Dali-Youcef, N., Lagouge, M., Froelich, S., Koehl, C., Schoonjans, K., and Auwerx,
J. (2007). Sirtuins: the “magnificent seven,” function, metabolism and longevity.
Ann. Med. 39, 335-345. doi: 10.1080/07853890701408194

De la Monte, S. M., and Wands, J. R. (2006). Molecular indices of oxidative stress
and mitochondrial dysfunction occur early and often progress with severity of
Alzheimer’s disease. J. Alzheimers Dis. 9, 167—181.

Di Paola, R., Impellizzeri, D., Trovato Salinaro, A., Mazzon, E., Bellia, F.,, Caval-
laro, M., etal. (2011). Administration of carnosine in the treatment of acute
spinal cord injury. Biochem. Pharmacol. 82, 1478-1489. doi: 10.1016/j.bcp.2011.
07.074

Drake, J., Link, C. D., and Butterfield, D. A. (2003). Oxidative stress precedes fibrillar
deposition of Alzheimer’s disease amyloid beta-peptide (1-42) in a transgenic
Caenorhabditis elegans model. Neurobiol. Aging 24,415—420. doi: 10.1016/S0197-
4580(02)00225-7

Dumont, M., Wille, E., Stack, C., Calingasan, N. Y., Beal, M. E, and Lin, M. T.
(2009). Reduction of oxidative stress, amyloid deposition, and memory deficit by
manganese superoxide dismutase overexpression in a transgenic mouse model of
Alzheimer’s disease. FASEB J. 23, 2459-2466. doi: 10.1096/1j.09-132928

Ferreira, S. M., Lerner, S. F, Brunzini, R., Evelson, P. A,, and Llesuy, S. E.
(2004). Oxidative stress markers in aqueous humor of glaucoma patients. Am. J.
Ophthalmol. 137, 62—69. doi: 10.1016/S0002-9394(03)00788-8

Guo, L., Salt, T. E., Maass, A., Luong, V., Moss, S. E., Fitzke, E. W., etal. (2006).
Assessment of neuroprotective effects of glutamate modulation on glaucomare-
lated retinal ganglion cell apoptosis in vivo. Invest. Ophthalmol. Vis. Sci. 47,
626-633. doi: 10.1167/i0vs.05-0754

Gupta, N., Ang, L. C., Noel de Tilly, L., Bidaisee, L., and Yucel, Y. H. (2006).
Human glaucoma and neural degeneration in intracranial optic nerve, lateral
geniculate nucleus, and visual cortex. Br. J. Ophthalmol. 90, 674-678. doi:
10.1136/bj0.2005.086769

Gupta, N., Fong, J., Ang, L. C., and Yucel, Y. H. (2008). Retinal tau pathology in
human glaucomas. Can. J. Ophthalmol. 43, 53—60. doi: 10.3129/i07-185

Halliwell, B. (2006). Oxidative stress and neurodegeneration: where are
we now? J. Neurochem. 97, 1634-1658. doi: 10.1111/j.1471-4159.2006.
03907.x

Herranz, D., and Serrano, M. (2010). SIRT1: recent lessons from mouse models.
Nat. Rev. Cancer 10, 819-823. doi: 10.1038/nrc2962

Hinton, D. R., Sadun, A. A,, Blanks, J. C., and Miller, C. A. (1986). Optic-
nerve degeneration in Alzheimer’s disease. N. Engl. J. Med. 315, 485-487. doi:
10.1056/NEJM198608213150804

Hirota, K., Nakamura, H., Masutani, H., and Yodoi, J. (2002). Thioredoxin super-
family and thioredoxin-inducing agents. Ann. N. Y. Acad. Sci. 957, 189-199. doi:
10.1111/j.1749-6632.2002.tb02916.x

Izzotti, A., Bagnis, A., and Sacca, S. C. (2006). The role of oxidative stress in
glaucoma. Mutat. Res. 612, 105-114. doi: 10.1016/j.mrrev.2005.11.001

www.frontiersin.org

June 2014 | Volume 5 | Article 129 | 7


http://www.frontiersin.org/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive

Trovato Salinaro etal.

Oxidative stress, stress response, and hormesis in glaucoma

Kessing, L. V., Lopez, A. G., Andersen, P. K., and Kessing, S. V. (2007). No increased
risk of developing Alzheimer disease in patients with glaucoma. J. Glaucoma 16,
47-51. doi: 10.1097/1JG.0b013e31802b3527

Mayeux, R., and Stern, Y. (2012). Epidemiology of Alzheimer disease.
Cold Spring Harb. Perspect. Med. 1, 2-8. doi: 10.1101/cshperspect.
2006239

McKinnon, S.J. (2003). Glaucoma: ocular Alzheimer’s disease? Front. Biosci. 8:1140—
1156. doi: 10.2741/1172

Pennisi, G., Cornelius, C., Cavallaro, M. M., Trovato Salinaro, A., Cambria, M.
T., Pennisi, M., etal. (2011). Redox regulation of cellular stress response in
multiple sclerosis. Biochem. Pharmacol. 82, 1490-1499. doi: 10.1016/j.bcp.2011.
07.092

Quigley, H. A, and Broman, A. T. (2006). The number of people with
glaucoma worldwide in 2010 and 2020. Br. J. Ophthal. 90, 262-267. doi:
10.1136/bj0.2005.081224

Ritov, V. B, Kelley, D. E., and Kagan, V. E. (2002). Derivatization of F2-isoprostanes
with 1-pyrenyldiazomethane and their subsequent determination by fluores-
cence high-performance liquid chromatography. Anal. Biochem. 311, 10-18. doi:
10.1016/S0003-2697(02)00392-5

Rocchi, A., Pellegrini, S., Siciliano, G., and Murri, L. (2003). Causative and sus-
ceptibility genes for Alzheimer’s disease: a review. Brain Res. Bull. 61, 1-24. doi:
10.1016/S0361-9230(03)00067-4

Salminen, A., Kauppinen, A., Suuronen, T., and Kaarniranta, K. (2008). SIRT1
longevity factor suppresses NF-kappaB-driven immune responses: regulation
of aging via NF- kappaB acetylation? Bioessays 30, 939-942. doi: 10.1002/bies.
20799

Selkoe, D. J. (2001). Alzheimer’s disease: genes, proteins, and therapy. Physiol. Rev.
81, 741-766.

Shieds, M. B., Ritch, R., and Krupin, T. (1996). “Classification of the glaucoma,” in
The Glaucomas, 2nd Edn, eds R. Ritch, M. B. Shields, and T. Krupin (St. Louis:
Mosby), 717-725.

Siciliano, R., Barone, E., Calabrese, V., Rispoli, V., Butterfield, D. A., and Mancuso,
C. (2011). Experimental research on nitric oxide and the therapy of Alzheimer
disease: a challenging bridge. CNS Neurol. Disord. Drug Targets 10, 766—776. doi:
10.2174/187152711798072356

Sloane, P. D., Zimmerman, S., Suchindran, C., Reed, P., Wang, L., Boustani, M., et al.
(2002). The public health impact of Alzheimer’s disease 2000-2050: potential
implication of treatment advances. Annu. Rev. Public Health 23, 213-231. doi:
10.1146/annurev.publhealth.23.100901.140525

Smith, P, Krohn, R., Hermanson, G., Mallia, A., Gartner, FE,
Provenzano, M., etal. (1985). Measurement of proteins using bicin-
choninic acid. Anal. Biochem. 150, 76-85. doi: 10.1016/0003-2697(85)

90442-7

Soti, C., Nagy, E., Giricz, Z., Vigh, L., Csermely, P., and Ferdinandy, P. (2005). Heat
shock proteins as emerging therapeutic targets. Br. J. Pharmacol. 146, 769-780.
doi: 10.1038/sj.bjp.0706396

Tamura, H., Kawakami, H., Kanamoto, T., Kato, T., Yokoyama, T., Sasaki, K.,
etal. (2006). High frequency of open-angle glaucoma in Japanese patients with
Alzheimer’s disease. J. Neurol. Sci. 246, 79-83. doi: 10.1016/j.jns.2006.02.009

Tanaka, T., Nakamura, H., Nishiyama, A., Hosoi, F, Masutani, H., Wada, H.,
etal. (2000). Redox regulation by thioredoxin superfamily: protection against
oxidative stress and aging. Free Radic. Res. 33,851-855. doi: 10.1080/10715760000
301361

Tatton, W. G., Chalmers-Redman, R. M., and Tatton, N. A. (2001). Apoptosis and
anti-apoptosis signalling in glaucomatous retinopathy. Eur. J. Ophthalmol. 11,
S12-822.

Tezel, G. (2006). Oxidative stress in glaucomatous neurodegeneration: mech-
anisms and consequences. Prog. Retin. Eye Res. 25, 490-513. doi:
10.1016/j.preteyeres.2006.07.003

Tonissen, K. E,, and Trapani, G. D. (2009). Thioredoxin system inhibitors as medi-
ators of apoptosis for cancer therapy. Mol. Nutr. Food Res. 53, 87-103. doi:
10.1002/mnfr.200700492

Wostyn, P, Audenaert, K., and De Deyn, P. P. (2009). Alzheimer’s disease and
glaucoma: is there a causal relationship? Br. J. Ophthalmol. 93, 1557-1559. doi:
10.1136/bjo.2008.148064

Yi, J., and Luo, J. (2010). SIRTI and p53, effect on cancer, senescence and
beyond. Biochim. Biophys. Acta 1804, 1684-1689. doi: 10.1016/j.bbapap.2010.
05.002

Yoneda, S., Hara, H., Hirata, A., Fukushima, M., Inomata, Y., and Tanihara, H.
(2005). Vitreous fluid levels of beta-amyloid((1-42)) and tau in patients with
retinal diseases. Jpn. J. Ophthalmol. 49, 106-108. doi: 10.1007/s10384-004-
0156-x

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 24 March 2014; accepted: 13 May 2014; published online: 06 June 2014.
Citation: Trovato Salinaro A, Cornelius C, Koverech G, Koverech A, Scuto M, Lodato F,
Fronte V, Muccilli V; Reibaldi M, Longo A, Uva MG and Calabrese V (2014) Cellular
stress response, redox status, and vitagenes in glaucoma: a systemic oxidant disor-
der linked to Alzheimer’s disease. Front. Pharmacol. 5:129. doi: 10.3389/fphar.2014.
00129

This article was submitted to Experimental Pharmacology and Drug Discovery, a
section of the journal Frontiers in Pharmacology.

Copyright © 2014 Trovato Salinaro, Cornelius, Koverech, Koverech, Scuto, Lodato,
Fronte, Muccilli, Reibaldi, Longo, Uva and Calabrese. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery

June 2014 | Volume 5 | Article 129 | 8


http://dx.doi.org/10.3389/fphar.2014.00129
http://dx.doi.org/10.3389/fphar.2014.00129
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive

	Cellular stress response, redox status, and vitagenes in glaucoma: a systemic oxidant disorder linked to alzheimer's disease
	Introduction
	Materials and methods
	Patients
	Sampling and lymphocyte purification
	Western blot analysis
	Measurement of F2-isoprostanes
	Determination of protein
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


